Abstract. In one set of modified-atmosphere (MA) packages of cut broccoli (Brassica oleracea L., Italica Group), O 2 partial pressures ranged from 1.2 to 3.6 kPa at 0C [88 packages, 0.00268-cm-thick low-density polyethylene (LDPE) film, 600-cm 2 film area, 40 ± 0.5 g cut broccoli], and in another set (94 packages, same film and area as before, 25 ± 0.5 g cut broccoli) they ranged from 5.0 to 9.2 kPa. For characterizing O 2 uptake as a function of O 2 partial pressure and determining anaerobic fermentation induction point at 0C, a range of steady-state package O 2 partial pressures was generated by placing different amounts of cut broccoli (10 to 160 g) in LDPE packages. Oxygen uptake was modeled using a Michaelis-Menten-type equation. The maximum rate of product O 2 uptake when O 2 partial pressure was nonlimiting and the package O 2 partial pressure corresponding to half-maximum O 2 uptake were estimated as 147 ± 3 nmol·kg Lipton and Harris (1974) reported that O 2 concentrations <0.1% caused severe visible low-O 2 injury and concentrations <0.25% induced off-flavors at temperatures >2.5C. Kasmire et al. (1974) noticed slight off-flavors at O 2 concentrations as high as 1% after holding for 9 days at 2.5C. Carbon dioxide concentrations >10% can also cause off-flavors and physiological injury (Kasmire et al., 1974; Lipton and Harris, 1974; Makhlouf et al., 1989; Smith, 1940) . A combination of 1% O 2 with 20% CO 2 resulted in off-flavors comparable to 0.5% O 2 without any added CO 2 (Kasmire et al., 1974) .
reported that O 2 concentrations <0.1% caused severe visible low-O 2 injury and concentrations <0.25% induced off-flavors at temperatures >2.5C. Kasmire et al. (1974) noticed slight off-flavors at O 2 concentrations as high as 1% after holding for 9 days at 2.5C. Carbon dioxide concentrations >10% can also cause off-flavors and physiological injury (Kasmire et al., 1974; Lipton and Harris, 1974; Makhlouf et al., 1989; Smith, 1940) . A combination of 1% O 2 with 20% CO 2 resulted in off-flavors comparable to 0.5% O 2 without any added CO 2 (Kasmire et al., 1974) .
Random variation in product O 2 uptake and/or film permeability to O 2 will generate a frequency distribution of package O 2 partial pressures. This will create a potential risk for some packages containing cut broccoli to develop injurious O 2 partial pressures, even if the packages are designed for a target O 2 partial pressure in the optimal range. This risk cannot be avoided, even with perfect temperature control. To our knowledge, there has not been any reported work on the frequency distribution of O 2 partial pressures among individual MA packages of cut broccoli or any crop.
A general model that predicts the frequency distribution of package O 2 partial pressures for a given frequency distribution in product O 2 uptake and film permeability to O 2 has been developed (Talasila and Cameron, 1994) . This model provides an approach for designing MA packages so that the package O 2 partial pressures at steady-state will be less than or equal to a certain limit only with a given probability. Information on the K 1/2 value (a constant in the place of K m in a Michaelis-Menten type equation of O 2 uptake as a function of O 2 partial pressure) Lee et al., 1991 ) and a minimum O 2 limit for safe product storage are required for using this model.
The primary objectives of this work were to measure and model the frequency distributions of O 2 partial pressures among cutbroccoli packages at 0C as they relate to an MA package design that would be safe from developing O 2 partial pressures below a
The basic purpose of modified-atmosphere (MA) packaging is to generate potentially useful levels of gases (e.g., O 2 , CO 2 , H 2 O) for extending the storage life of fresh and minimally processed fruit and vegetables. A given atmosphere for a product is created in MA packages by matching film permeability with product respiration rate (Beaudry et al., 1992; Cameron et al., 1989; Kader et al., 1989) . However, steady-state partial pressures of a gas such as O 2 will vary from target O 2 partial pressures due to a number of factors including variation in product O 2 uptake or film permeability to O 2 . Successful MA packages must be designed so that these variations do not cause undesirable changes to product quality. Such changes could include external and internal discoloration, off-flavor development, and the growth of microorganisms that cause food poisoning.
It has been reported that 1% to 3% O 2 and/or 5% to 10% CO 2 is beneficial for broccoli storage (Lipton and Harris, 1974; Makhlouf et al., 1989; Refrigeration Research Foundation, 1988; Smith, 1940) . Low O 2 retards curd yellowing (Lipton and Harris, 1974) , while high CO 2 has reduced yellowing (Kasmire et al., 1974; Lipton and Harris, 1974; Makhlouf et al., 1989) and decay (Lipton and Harris, 1974; Makhlouf et al., 1989; Smith, 1940) . The effect of MAs was more prominent when storage temperature was >5C (Lipton and Harris, 1974) . certain limit. For this purpose, we characterized 1) O 2 uptake as a function of O 2 partial pressure, 2) the anaerobic fermentation induction point, and 3) the frequency distribution of CO 2 production rates of cut broccoli at 0C.
Theoretical Background
Following is a brief presentation of a model that predicts the frequency distribution of package O 2 partial pressures among individual packages (Talasila and Cameron, 1994) .
In (Talasila and Cameron, 1994 
Materials and Methods
Plant material. Fresh broccoli was obtained from a commercial market in East Lansing, Mich. The broccoli had been harvested ≈5 to 6 days earlier in the Salinas Valley, Calif. After discarding any decayed portion, broccoli florets of ≈5 to 20 g were cut from the stalk and immediately used in the experiments.
Package construction. For all the packaging experiments, 26.8-µm-thick low-density polyethylene (LDPE) film (DOW Chemical, Midland, Mich.) was used. A septum made of silicone rubber on electrical insulation tape was attached to each package for extracting gas samples from the packages (Boylan-Pett, 1986) .
Film permeability. Film permeabilities to O 2 and CO 2 were measured at 0, 5, 10, 15, and 20C using the system described by Beaudry et al. (1992) , and Arrhenius equations for permeabilities as a function of temperature were developed (Table 2) . Gas analysis. Headspace O 2 and CO 2 concentrations were analyzed by withdrawing 0.5-ml samples from the packages and injecting them into a N 2 stream (150 ml·min -1 flow rate), which was connected to an O 2 analyzer (S-3A/II with a calcia-zirconia electrochemical detection cell; Ametek Co., Thermox Instrument Div., Pittsburgh) and an infrared CO 2 analyzer (ADC 225-Mk3; Analytical Development Co., Hertfordshire, England) in series. Headspace ethanol concentrations were analyzed by injecting separate 0.2-ml gas samples from the packages into a gas chromatograph (Carle series 100; Hach Co., Loveland, Colo.) equipped with a porous polymer column (Haysep 80/100; Alltech Assoc., Deerfield, Ill.) and a flame ionization detector. For each reading in the gas analysis, an average of two samples was used. The concentrations were converted to partial pressures by multiplying with assumed total pressure (101.325 kPa).
Frequency distribution of O 2 partial pressures in cut-broccoli packages. Frequency distributions of steady-state package O 2 at two O 2 partial pressures were characterized at 0C by packaging 40 ± 0.5 g or 25 ± 0.5 g of cut broccoli, respectively, in 100 20 × 15-cm (600-cm 2 film surface area) packages. In each package, an insert made of spunbonded polyethylene (Tyvek type 1059B; Du Pont, Wilmington, Del.) containing 10 g CaO was used as a CO 2 scrubber. This guaranteed that the variation in O 2 partial pressures was not affected by the CO 2 partial pressures in the packages. Oxygen partial pressures were periodically monitored from five additional packages to determine when they had reached steady-state levels. Oxygen partial pressures in packages reached steady state by 16 and 21 days of packaging with 40 ± 0.5 and 25 ± 0.5 g of cut broccoli, respectively. Frequency distribution tables were developed and probabilities were calculated from the steady-state O 2 partial pressure data (Steel and Torrie, 1960) . The normality of the data was tested using PROC UNIVARIATE (SAS Institute, 1985a) .
Measurement of O 2 uptake, RQ, and headspace ethanol. Cutbroccoli samples weighing from 10 to 160 g were packaged in separate 20 × 15-cm (600-cm 2 surface area) packages and held at 0C to create a range of steady-state O 2 partial pressures in the packages (Beaudry et al., 1992) . Five replications were used for each weight. This number was found to be sufficient based on the expected variation in the product's respiration rate. Using the permeability values, area and thickness of the packaging film, weight of the product in the package, and the steady-state O 2 and CO 2 partial pressures in the package, O 2 uptake and CO 2 production were calculated based on the Fick's law of gas diffusion (Beaudry et al., 1992) . RQ values at different O 2 partial pressures were calculated from the corresponding CO 2 production rate and the O 2 uptake rate. A Michaelis-Menten-type equation was used to describe O 2 uptake as a function of package O 2 partial pressures. PROC NLIN was used for nonlinear regression analysis in devel- oping the model (SAS Institute, 1985b) . Frequency distribution of CO 2 production rate. Cut-broccoli CO 2 production rates at two O 2 levels (1.3 kPa and 21.0 kPa) were measured using 80 samples at 0C with a flow-through system. The CO 2 concentrations in the inlet and outlet of each 946-ml glass jar containing 100 g of cut broccoli were measured and, with the knowledge of the flow rate of the gas mixture (25 ml·min -1 ), CO 2 production rate was calculated. Frequency distribution tables and the theoretical normal distributions based on the SD and the mean were developed (Steel and Torrie, 1960) . The normality of the CO 2 production rate data was tested using PROC UNIVARIATE.
Results and Discussion
Frequency distribution of O 2 partial pressures in cut-broccoli packages. In one set of packages (40 ± 0.5 g product weight), package O 2 partial pressures varied from 1.2 to 3.6 kPa and [O 2 ] med was estimated as 2.2 kPa (Fig. 1A) . The range of package O 2 partial pressures was 5.0 to 9.2 kPa with an [O 2 ] med of 6.7 kPa in another set of packages (25 ± 0.5 g product weight) (Fig. 1B) . From PROC UNIVARIATE, the significance level to reject the null hypothesis of normality of the distribution A data was estimated as 0.22. Although this was not sufficient evidence to reject the null hypothesis, it suggests the presence of slight non-normality. There was no evidence of non-normality of the distribution B data (significance level 0.54). The skewness of distribution A as estimated by PROC UNIVARIATE was slightly higher (0.41) when compared to distribution B (0.26).
The non-normality of the package O 2 partial pressure distributions at lower [O 2 ] med is due to the shape of the O 2 uptake curves, which are flat at higher package O 2 levels and curved below a critical level depending on the product. Since package-to-package variation in O 2 partial pressures in the curved region is lower than in the flat region, the distributions will become increasingly non-normal with decreasing [O 2 ] med . [O 2 ] med was 2.2 kPa (A) for the set of the packages (n = 88) with 40 ± 0.5 g and was 6.7 kPa (B) for the set (n = 94) with 25 ± 0.5 g of cut broccoli. Surface area of the LDPE film (0.00268 cm thick) used for both sets of packages was 600 cm 2 .
Oxygen uptake, RQ, and headspace ethanol. The O 2 uptake rate of cut broccoli was essentially constant above the package O 2 partial pressure ([O 2 ] pkg ) of 2 kPa ( Fig. 2A) . Below 1 kPa, the rate decreased rapidly with a decrease in the O 2 partial pressure. A K 1/2 value of 0.26 ± 0.025 kPa and an R O 2 max of 147 ± 3 nmol·kg -1 ·s -1 were given by the nonlinear regression analysis of the O 2 uptake data. K 1/2 and R O 2 max intuitively indicate the O 2 partial pressure corresponding to the half-maximum O 2 uptake and the maximum O 2 uptake of the product when O 2 partial pressure is nonlimiting, respectively, at 0C. K 1/2 is purely a regression constant that depends on K m (a parameter in Michaelis-Menten-type equation of O 2 uptake as a function of O 2 partial pressure in the product), skin permeability to O 2 , O 2 uptake rate, and surface area-to-volume ratio. The K 1/2 value obtained for cut broccoli was lower than those for blueberries and raspberries (Joles et al., 1994) . This is presumably due to higher skin permeability, higher surface areato-volume ratio of cut broccoli, or both.
Carbon dioxide production data were calculated at various O 2 partial pressures (Fig. 2B) and were used to calculate RQ (Fig. 2C) . RQ was constant when O 2 partial pressure was >0.15 kPa. RQ increased rapidly at <0.15 kPa O 2 (Fig. 2C) . Headspace ethanol partial pressures also increased in these packages (Fig. 2D) , confirming the onset of anaerobic respiration.
All cut broccoli stored at 0C, except that in the packages with O 2 partial pressures <0.15 kPa, was still green and otherwise in visibly good condition up to 52 days. Severe to moderate off-flavors in packages with low O 2 partial pressures (<0.15 kPa) and slight off-flavors in the rest of the packages were noticed in informal taste panels. Slight to moderate wilting of the product was observed in those packages containing less mass of broccoli.
Frequency distribution of CO 2 production rate. Carbon dioxide production rates closely approximated normal distribution at 1.3 kPa and 21 kPa (Fig. 3) . This was confirmed by statistical analysis. The significance levels for rejecting null hypothesis of the normality of the data at 1.3 kPa and 21 kPa were 0.77 and 0.71, respectively.
The coefficient of variation of CO 2 production rate was ≈5.8% at 1.3 kPa and ≈4.2% at 21 kPa. For modeling purposes, an average coefficient of variation of 5% for the whole range of O 2 partial pressures was taken. It was also assumed that variation in O 2 uptake was equal to that of CO 2 production.
Comparison of modeled and experimental frequency distributions. At 2.2 kPa, the probabilities predicted by the model using a K 1/2 of 0.26 kPa and a CV R of 5% for O 2 uptake closely agreed with the probabilities determined from the package O 2 frequency distribution data (Fig. 4) . In this example, it was assumed that there was no variation in film permeability (Y = 1). The probabilities predicted by the model at an [O 2 ] med of 6.7 kPa were also close to the experimental probabilities. However, the agreement was not as close as when [O 2 ] med was 2.2 kPa.
Some finite variation in film permeability is also expected, which would influence variation in package O 2 partial pressures. At 6.7 kPa, when coefficients of variation of 5% for O 2 uptake and 2.5% for film permeability were used, the cumulative probabilities predicted by the model agreed more closely with the experimental probabilities (data not shown). However, this is not sufficient evidence that there is indeed a 2.5% variation in film permeability. The higher variation in package O 2 partial pressures than predicted could be due to the combined variation in film permeability and other package variables such as surface area, thickness, or the product's mass.
The close agreement between the modeled probabilities, assuming no variation in film permeability, and the experimentally observed data at 2.2 kPa and 6.7 kPa, suggests that the package-to-package variation in film permeability was relatively low for the LDPE film used in the experiments. For more specialized films that are less uniform in composition, the variation would most likely be higher. Although it is possible to determine the coefficient of variation of film permeability experimentally, the time and effort required to measure the permeability accurately for hundreds of film samples make it tedious. However, to use MAs commercially, it will be necessary for the packer to have an accurate knowledge of the permeability of the film being used and its variability.
At 6.7 kPa, when coefficients of variation of 6% (instead of 5%) for O 2 uptake and 0% for film permeability were used, the predictions were also closer to the experimental data (data not shown). Because the amount of cut broccoli in the packages at 6.7 kPa was relatively small, a higher coefficient of variation for O 2 uptake would be expected. Theoretically, the SD of the means is inversely proportional to the square root of the sample size (Steel and Torrie, 1960) . However, since 100 g of cut broccoli was placed in each jar for measuring the variation in CO 2 production rate, applying the theoretical relationship between the coefficient of variation and the sample size yielded CV R s of 7.9% and 10% at 2.2 kPa (40-g sample size) and 6.7 kPa (25-g sample size), respectively. When these CV R s were used, the modeled probabilities overestimated the range of package O 2 partial pressures. In the case of cut broccoli, applying the theoretical relationship between the coefficient of variation and the sample size is rather superficial, since a cutbroccoli sample is not homogeneous and is a combination of stems and florets and may consist of parts from one or more different stalks. The theoretical relationship may be more appropriate for studying the variation among the whole stalks or in general among whole fruit and vegetables.
It was noted that the range of package O 2 partial pressures was small at 2.2 kPa (Fig. 1) . This is presumably due to the rapid decrease in O 2 uptake at <1 kPa ( Fig. 2A) . A decrease in the range of [O 2 ] pkg with a decrease in [O 2 ] med can also be observed from the predicted probabilities generated using the model (Fig. 5) .
Target (Table 3) . A compromise has to be made between the probability of exposing the broccoli in some packages to O 2 partial pressures below [O 2 ] min and in other packages to O 2 partial pressures above optimum levels.
The following steady-state equation was used for designing MA packages for cut broccoli at 0C based on the median O 2 partial pressures predicted by Eq. [2]: Fig. 4 . Comparison of the probabilities of package O 2 partial pressures being equal to or less than a certain O 2 partial pressure calculated from the package experiments (u) ( Fig. 1) with those predicted by the model (∇) at 2.2 kPa and 6.7 kPa. The model predictions were based on a CV R of 5% and a K 1/2 of 0.26 kPa for O 2 uptake and 0% coefficient variation in film permeability. 
The results are given in . For example, a 10% decrease in film permeability is predicted to increase the probability from 0.0001% to 1% (Table  4) . Therefore, using films that have considerable variation in permeabilities for MA packaging requires designing packages for very low probability levels (in the order of 0.0001%). Also, considerable care should be taken to avoid the package-to-package variation in film surface area and product weight.
In this study, product-to-product variation in respiration rate within a small sample of a single consignment of broccoli was investigated. There are other factors such as harvesting season, variety, or growing conditions that may cause additional variation in respiration rate. The effects of this variation on package O 2 may be reduced by measuring the respiration rate of a specific crop before packaging and adjusting the packaging variables such as the area of the film and product weight accordingly. When designing large packages, the possibility of partial-pressure gradients within the packages should also be considered (Emond and Chau, 1990) .
The fact that the cut broccoli, except in the packages with O 2 partial pressures <0.15 kPa, was visibly in good condition at 0C for 52 days points out the importance of temperature control for broccoli storage. In addition to its direct effect on the product's deterioration rate, an increase in temperature may decrease the package O 2 partial pressures below the minimum limit causing off-flavors and physiological damage Wang and Hruschka, 1977) . As the absolute control of temperature during shipping and marketing is limited by current technology, temperature variation and inherent variation in respiration rate and film permeability should be considered when designing MA packages. The appropriate package specifications may be predicted by incorporating the variation model into the approach suggested by Cameron et al. (1994) for temperature variation problems.
For some products, off-flavors may take a few days to develop after the product is exposed to anaerobic O 2 partial pressure, especially at low temperatures (Ke et al., 1991a (Ke et al., , 1991b . Also, off-flavors, which are produced due to the product's exposure to injurious O 2 and CO 2 levels, may be reduced in some cases by subsequently exposing the product to air (Kasmire et al., 1974) . In these situations, variation in package gas partial pressures can be tolerated to a certain extent. When designing MA packages, the probability level of package O 2 being less than or equal to a given minimum level should be selected based on the severity of the effect of injurious gas levels on product quality and subsequent loss in marketability. 
